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ABSTRACT 
Surface boulder counts, pebble counts, and heavy min- 
eral suites in glacial till are excellent provenance In- 
dicators for alpine glacial deposits in the Copper Basin, 
Idaho.  Systematic examination of complex bedrock lith- 
ologies and tills within the thirteen major troughs of the 
basin allows the definition of source areas for all glacial 
deposits throughout the basin. 
Lake Creek Canyon, in the northeast corner of the 
basin, sourced the prominant "Potholes moraine" on the 
east side and the abundant isolated till remnants at the 
northern end of the basin.  Ice from Lake Creek Canyon con- 
tributed the major portion of the composite piedmont gla- 
cier (Starhope Creek Lobe) which filled the basin during 
the Bull Lake and Plnedale age Ice maxlmums. 
The second major source area, the canyons of the west 
side of the basin (Broad, Bellas, Howell, and Ramey), de- 
posited the well preserved Plnedale moralnal complex on 
the west flank of the basin and the preserved Bull Lake 
tills atop the Pox Creek bedrock knobs in the northwest 
corner of the basin. 
The three remaining source areas: Muldoon, Starhope, 
and Bear Canyons; Anderson Canyon area; and Corral Creek, 
have poorly preserved or locally confined deposits in the 
Copper Basin. Deposits sourced from Muldoon, Starhope, 
and Bear Canyons are not preserved away from the canyon 
mouths, evidently due to their medial position in the 
Starhope Creek Lobe. Deposits sourced in the Anderson 
Canyon area (Anderson, Smelter, Steve, Charcoal, and Coal 
Canyons) are confined to the vicinity of the canyon mouths 
and do not Interact with deposits of the Starhope Creek 
Lobe.  Ice from Corral Creek never advanced into the basin. 
Therefore, deposits sourced from this canyon are localized 
within this canyon. 
Deposits from each source area are defined by the fol- 
lowing distinctive llthologies and heavy minerals: 
Lake Creek Canyon - quartz monzonite, dlopside, 
epldote. 
Broad, Bellas, Howell, and Ramey Canyons - pink 
porphyritlc granite, monazlte. 
Muldoon, Starhope, and Bear Canyons - clastic 
sedimentary llthologies, topaz, zircon. 
Anderson Canyon Area - volcanics, epldote. 
Corral Creek - white porphyritlc granite, biotlte. 
In addition to the definition of provenance of glacial 
deposits in the basin, an investigation of this nature 
enables one to decipher many specific relationships 
existing among the glacial deposits.  Those found In the 
Copper Basin Include: up canyon flow of the Starhope Creek 
Lobe in the north end of the basin; basin crossing of a 
late Pinedale advance from Lake Creek Canyon; topographic 
diversion of an early Pinedale ice advance from the west 
to the east side of the basin; "basin crossing of Bull 
Lake Ice from Anderson Canyon; and divide crossing of ice 
from Broad Canyon into Bear Canyon. 
Surface boulder counts are most useful for the older* 
"poorly preserved Bull Lake deposits where, In many places, 
scattered erratics are the only remaining evidence of this 
advance.  Till pebble lJ.thologles are excellent indicators 
of provenance for all preserved deposits.  In the Copper 
Basin, till pebble lithologles are most useful for iso- 
lated Bull Lake till remnants and all Plnedale deposits. 
Heavy mineral suites and specific Indicator species are 
the most sensitive indicators of local complexities and 
lobal relationships of Plnedale deposits which are well 
preserved in the baslrj. 
INTRODUCTION 
t 
Overview and Purpose 
The Copper Basin of South Central Idaho Is a small ln- 
termontane basin of 400 square kilometers In the southern 
Pioneer Mountains.  The basin, floored at 2300 meters with 
peaks to 3^50 meters forms, with Its fourteen major con- 
tributing canyons, the headwaters of the Elg Lost River. 
During the Pleistocene glaciatlon, ice from the con- 
tributing canyons flowed into the basin and at least twice 
filled the basin with composite piedmont glaciers.  Ice 
flow was generally from south to north originating in-north 
oriented cirques of sufficient elevation. 
Today the basin exhibits prolific evidences of gla- 
ciatlon with many erosional and depositional features. 
Most canyons have their sources in multiple cirques with 
stream flow down well defined U-shaped troughs.  On the 
canyon walls, and throughout the basin, lateral moraines 
are seen along with disected terminal and recessional mo- 
raines.  Multiple terraces border present flood plains and 
evidence of at least two glacially dammed lakes is present. 
It is the purpose of this investigation, through anal- 
ysis of pebble and boulder lithologles and heavy mineral 
suites to delineate major source areas and distribution 
paths for the glacial deposits of the basin.  Documentation 
\ of cross cutting relationships between the Ice tongues and 
quantitative support for the glacial mapping of the basin 
are also primary objectives of this study. 
Location and Accessibility 
The study area Is located In the southern Pioneer Moun- 
tains of south-central Idaho (Figure 1).  The basin Is 
approximately equidistant from Mackay, Grouse, and Ketchum, 
Idaho, and Is accessible In the summer months by three 
routes.  Due to the radical topography In this area the 
access roads follow river flood plains or wind through 
mountain passes (Figure 2).  Winter snows prevent access Into 
the basin for much of the year.  The basin remains sealed 
off from the first winter snows In mid-October until mid- 
June when the final snow drifts are cleared from the road. 
Higher altitudes of the basin remain blanketed with snow, 
and raging meltwater streams persist well into July, limit- 
ing examination of the high country to the later summer 
months. 
Bedrock 
The diversity of bedrock lithology in the Copper Basin 
makes this area ideal for a provenance investigation.  Gen- 
eral llthologles include the predominantly clastic Copper 
Basin Group of late Paleozoic age, three acidic Tertiary 
plutons, and the Tertiary Challls volcanlcs. 
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Figure 1. Location map of the Copper Basin in south" 
central Idaho. 
Figure 2, Roads and drainage system within the 
Copper Basin, 
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Detailed bedrock mapping and stratlgraphlc subdivi- 
sion of the entire basin has been accomplished under the 
direction of Dr. R. A. Paull of the University of Wisconsin- 
Milwaukee. This detailed stratlgraphlc work greatly en- 
hanced the provenance investigation. Figure 3 shows the 
areas mapped by the individual authors. 
Because the sedimentary sequence in the basin con- 
sists of repeating, lnterbedded formations of argillite, 
limestone, and conglomerate, field identification of gla- 
cially transported boulders and pebbles to the formation 
level Is not possible.  Therefore, in this investigation, 
where hand specimen identification of boulders and pebbles 
within glacial till Is performed, only the general lith- 
ology of the sedimentary rock types is recorded. 
The three Tertiary lntrusives, although all acidic, 
are clearly distinctive. Differences in mineralogy, tex- 
ture, and weathering characteristics exist between the 
three llthologles.  The intrusive in Lake Creek Canyon Is 
a light colored, medium1grained, equlgranular quartz mon- 
zonlte. At the heads of Broad, Bellas, and Howell Canyons 
the Intrusive is a light colored, coarse grained, pink 
porphyritic granite.  The third Intrusive, at the head of 
Corral Creek, is a light colored, medium grained, white 
porphyritic granite. Each of these llthologles are dlffer- 
entiable in hand specimen and were thus classified in 
this investigation. 
8 
Figure 3* Areas of previous Investigation involving the 
stratigraphy of the Copper Basin. 
The remaining bedrock llthology, the Challls Vol- 
canlcs, are of extremely variable llthology. No attempt 
was made to break down this group.  Table 1 Is the stra- 
tlgraphlc column for the Copper Basin, and Figure ^ Is 
the general llthologlc map of the basin as modified from 
the detailed geologic maps. 
Previous Work 
A. Rocky Mountain Glaclatlon 
Pleistocene glaclatlon In the Western Cordillera was 
first recognized by Clarence King In 1869 on Mount Shasta, 
Detailed Investigations of the glacial deposits, however, 
did not begin until the early 1900,s.  The first signif- 
icant work on the Rocky Mountain glacial sequence was pre- 
sented by Elliot Blackwelder (1915). Blackwelder recog- 
nized and named three periods of glacial activity (Buffalo, 
Bull Lake, Plnedale) and his model Is considered the pro- 
totype for all succeeding Investigations.  Table 2 gives 
Blackwelder*s original classification and the present Rocky 
Mountain glacial model.  The present model is used In this 
Investigation. 
1.  Pre-Bull Lake (Buffalo) Glaclatlon 
As Blackwelder had expected, later workers subdivided 
and modified his work.  His Buffalo (Pre-Bull Lake) gla- 
clatlon was subdivided Into two and later three distinct 
substages. Blackwelder (1931)t in the Sierra Nevada Moun- 
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Glacial  Till 
Alluvial Ovtwash 
Mat* Wastage Debris 
Challif Volconics 
Broad Canyon Granite 
Corral Creek Granite 
Lake   Crook Quartz 
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Iron Bog 
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Brockio lako 
Conglomoralo 
Unconsolidated  slump deposits 
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D ascription 
Stream bod and   flood 
plain   deposits 
Till 
Torraco gravols 
Unconsolidatod  skimp doposits 
Predominantly   andosito 
Coarso toxturo pink pheno- 
cryst    granito 
t-VjCoarso toxturo white pheno- 
cryst    granito 
Medium texture quartz 
monzonito 
Pebble to boulder con- 
glomerate 
"TirTJBlock silty argillite and 
shale 
Muldoon 
Canyon 
     tion 
Scorpion 
Mountain 
Formation 
Light pebble to boulder 
conglomerate with inter- 
bedded   quartzite 
Silty mkritic limestone 
Orummond 
MiTrr 
•OStSQOj 
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Dark gray argillite 
Dark pebble  conglomerate 
with   interbedded 
quartzites 
Micritic   limestone with 
interbedded argillite 
Dark  gray argillite   with 
interbedded   quartzites 
Table 1.  Stratigraphlc column of the 
Copper Basin area. 
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LITHOLOGY 
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Figure 4. General llthology map of the Copper Basin. 
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Table 2.  Nomenclature for the Rocky Mountain 
glacial model. 
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tains and Basin and Range Region, and Richmond (19^8), In 
the Wind River Mountains, distinguished two Pre-Bull Lake 
advances on the basis of stratigraphy and soil profiles. 
Holmes and Moss (1955)t In the Wind River Mountains, sup- 
ported a dual advance by relating two Pre-Bull Lake outwash 
terraces In the Green River Basin to glacial deposits far 
up the mountain valleys. 
Later work on Pre-Bull Lake glaclatlon Is dominated by 
G. M. Richmond (1957. 1962a, 1962b, 1965a).  Throughout the 
Rocky Mountains, Richmond distinguished three Pre-Bull Lake 
advances.  In the La Sal Mountains, Richmond (1962b), dis- 
tinguishes three members of the Harpole Mesa Formation 
which he Interprets as deposits of three Pre-Bull Lake gla- 
cial advances.  These three advances were later named Wash- 
akle Point, Cedar Ridge, and Sacagawea Ridge after type 
localities in the La Sal Mountains (Table 2), 
2. Bull Lake Glaclatlon 
Blackwelder's original classification of the Bull Lake 
Stage of glaclatlon has also been refined.  Two Bull Lake 
substages are now distinguished. Richmond (19^8) and 
Holmes and Moss (1955)* all working in the Wind River Moun- 
tains, were among early workers to support two Bull Lake 
advances.  This subdivision Is based on the presence of 
two sets of terminal moraines and two related outwash 
capped terraces. Richmond (19^-8-1971), in his continuing 
work throughout the Rocky Mountains, has repeatedly doc- 
umented the dual nature of Bull Lake age glaclatlon (Table 
2). 
3.  Plnedale Glaclatlon 
The Plnedale Glaclatlon has also proved to be more 
complex than that proposed by Blackwelder In 1915.  Various 
workers have distinguished two, to as many as four, Plne- 
dale advances. Recently confusion has arisen concerning 
the identification of the latest Plnedale deposits.  The 
Temple Lake moraine has been considered by some workers 
(Moss, 1951. Blrkland and Moss, 1974) as late Plnedale 
while others (Richmond, 1971 and Dort, i960) assign It an 
early Neoglaclal age.  Perhaps where three and four mo- 
raines are distinguished the youngest of these should be 
considered post Plnedale. 
Atwood (1937) in the Medicine Bow and Park Ranges, 
Holmes and Moss (1955) in the Wind River Mountains, and 
Richmond (1962b) In the La Sal Mountains distinguish two 
Plnedale advances. Richmond (19^8, 1960a, 1960b) through- 
out the Rocky Mountains, and Madole (1969) In the St. 
Vrain Basin distinguish three Plnedale advances.  Klver 
(1968), in the Southern Medicine Bow Mountains, and Graf 
(1971)t in the Beartooth Mountains, recognize four Plne- 
dale advances (Table 2), 
It is evident that the Plnedale glacial stage was one 
of multiple advances.  In some areas evidence of an earlier 
Plnedale advance may have been erased by a later more ex- 
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tensive one.  In other areas each successive advance, 
being shorter than the previous, is recorded.  This might 
explain the discrepancy In the number of reported Plnedale 
advances. 
**. Neoglaclatlon (The Little Ice Age) 
The post glacial optimum or "Altithermal Age" at the 
close of the Plnedale separates Plnedale from Neoglacial 
deposits. Blackwelder did not recognize a Neoglacial stage 
In his early work and present terminology for these ad- 
vances is extensive and quite diverse.  Recent work per- 
formed on Neoglacial deposits is Inconclusive as to the 
number and ages of the advances. No resolution will be 
attempted here but only a presentation of the main class- 
ifications as they exist today. 
Richmond (1971) recognizes three Neoglacial ice ad- 
vances. He distinguishes two Temple Lake advances 
(Temple Lake Hb" and Temple Lake "a") and a more recent 
Gannett Peak advance.  Opposition to this model is pre- 
sented by Blrkland and Miller (1973) and Miller and Birk- 
land (197*0 who support the original interpretations by 
Hack (19^3) and Moss (1951) of a late Plnedale or pre- 
Altithermal age for the type Temple Lake deposits, 
A concise and more complex classification of the late 
Plnedale - Neoglacial glaclatlon is presented by Benedict 
(1973) for the Colorado Front Range.  He distinguishes one 
post-Plnedale - pre-Altithermal advance (Santanta Peak) 
16 
and three post-AIt1thermal advnaces (Triple Lakes, Audu- 
bon, and Gannett Peak).  The Santanta Peak advance may 
represent the type Temple Lake of Hack (19*0) and Moss 
(1951) while the post-Altlthermal advances may correlate 
with those of Richmond (Table 2). 
B.  Till Provenance 
Theories on the origin and composition of till have 
been debated and discussed at length since the early work 
In this area. Earliest workers believed till to be of 
very local origin.  Salisbury (1900) argued that distant 
bedrock sources are poorly represented In the pebble frac- 
tion of till and therefore that till was locally derived. 
This theory was later substantiated quantitatively by 
Krumbeln (1930) who demonstrated that the predominant 
pebble type In a till reflected the bedrock over which 
the glacier traveled only 20-^0 miles back. 
However, Gravenor (1951) working with the heavy min- 
eral fraction of western Ontario tills demonstrated a 
Canadian Shield origin for drift which has traveled 600 
miles over Paleozoic rock.  He noted a decrease In the 
proportion of crystalline shield material and ascribed 
It to fanning out of the glacier as It moved south but 
argued against rapid elimination of finer entrained ma- 
terial. 
More recently, Drelmanls and Vagners (1971) deter- 
mined a blmodal distribution of rock and mineral fragments 
17 
In basal tills.  They determined that the composition of 
a till depends on the multlllthologlc source material and 
the comminution of this material; comminution being a func- 
tion of the rock's durability, mode of position of trans- 
portation, and distance of transport.  They concluded that 
there are two size modes In a glacial till; the rock frag- 
ment mode and the till matrix mode.  The rock fragment 
mode of the till is greater than the matrix mode when near 
the bedrock source.  The matrix mode, Increasing with trans- 
port distance, is restricted to certain particle size 
grades for each mineral species.  These terminal sizes vary 
among the minerals but are distinctive for each mineral. 
Most terminal sizes range between . 063 mm and .125 mm. 
1. Pebble Counts as Provenance Indicators 
Distinctive lithologles (Indicator llthologies, Flint, 
1971) from a known outcrop area are ideal for determination 
of glacial provenance.  The earliest works using this pro- 
cedure were performed by Udden (1899) working with Cre- 
taceous pebbles In Iowa, and Slosson (1933) working with 
the Jasper conglomerate in the mid-west. Although quali- 
tative in nature, these works initiated the theory that 
would be used later for detailed quantitative determina- 
tion of provenance. 
A quantitative study of pebble lithology In glacial 
till was performed by MacCllntock (1933) on  pre-Illlnolan 
drift in Illinois. Although primarily concerned with cor- 
18 
relation of these deposits, MacCllntock concluded that 
the Nebraskan advance came from the west across Iowa and 
that the Kansan advance came from the northeast through 
Lake Ontario.  More recently, Drelmanls and Reavely (1953) 
along Lake Erie, Anderson (1955* 1957) In the central low- 
lands of North America, and Wlllman (1969) In northwestern 
Illinois, used pebble llthology for correlation, differen- 
tiation, and provenance of tills, Arneman and Wright 
(1959). using pebble counts, determined that glacial Ice 
In Minnesota entered the state from three different direc- 
tions. 
2,  Heavy Mineral Analysis as Provenance Indicators 
Since Gravenor's classic work (1951) on the tills of 
southwestern Ontario, heavy mineral analysis has been 
widely used for the determination of till provenance. 
Drelmanls. and Reavely (1953) found the determination of the 
percentages of heavy minerals a significant test for the 
differentiation and provenance determination of Lake Erie 
tills.  They found that the lower till contained slightly 
more hornblende and epldote and less tremollte and actin- 
ollte than the upper till.  In addition, they found a 
definite grouping of the percentage of heavy minerals of 
pre-Cambrian origin In the various tills. 
In Illinois (Wlllman, Glass, and Frye, 1963; Prye, 
Willman, and Glass, 1964; Prye, Glass, Kempton, and Will- 
man, 1969) heavy mineral percentages have proven useful for 
19 
the determination of till provenance.  Wlllman, Glass, and 
Prye (1963) report that "tills deposited by glaciers that 
Invaded Illinois from the west and northwest can be differ- 
entiated consistently from tills deposited by glaciers 
from the east and northeast by their heavy minerals". 
3. Provenance in an Alpine Area 
Only one Investigation of glacial provenance has been 
performed In an alpine area. John J. Clague (1975) using 
till pebble llthologles, heavy minerals of the till matrix, 
and fabric analysis was able to determine glacier flow 
patterns and the origin of Late Wlsconsinan Till In the 
Southern Rocky Mountain Trench of British Columbia.  Clague 
found that clast llthology and heavy mineral analysis did 
show the dominant flow patterns of glacial Ice within this 
area. 
Field Work 
Field work In the Copper Basin was performed In two 
stages. First, complete reconnaissance of all bedrock 
types In each canyon was carried out. Each sedimentary 
formation and Igneous llthology was examined In outcrop. 
Special attention was given to the differentiation of units 
of similar llthology.  The general llthologlc map, Figure **, 
was then established. Complete familiarization with each 
llthology In outcrop was necessary before analyzing till, 
where hand specimen Identification would be accomplished In 
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the field. A reference collection of all llthologles was 
obtained and is on file at the Department of Geological 
Sciences at Lehigh University. 
The second stage of field work Involved sampling from 
the till deposits throughout the basin. At each sample 
site a pit 60 X 60 X 60 centimeters was excavated and 100 
pebbles of 5 to 8 centimeters in size were cracked in half 
and Identified (Figure 5)« A total of 8b  pebble counts 
were performed (Figure 6). From the base of each pit 100 
grams of till matrix was taken for later laboratory anal- 
ysis of the heavy mineral suite. Also, at each sample site, 
25 surface boulders from a small radius around the pit were 
llthologlcally classified. Additional boulder counts were 
taken at significant locations. 
The second stage of field work Involved the greater 
portion of the field time and was approached in a system- 
atic manner.  The first tills to be examined were those 
within the confines of each canyon. At least two samples 
were taken from near the mouth of each canyon, and where 
present, recessional moraines well up canyon were sampled. 
After complete familiarization with llthologles from 
each of the canyons was attained, sampling throughout the 
basin began.  The first tills examined in the basin were 
those between each of the canyons. At least one sample 
was taken from each of these locations. Examination of 
tills of the distant deposits was then performed. At many 
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Figure 5. A Sample location, 
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SAMPLE LOCATIONS 
A Pebble,Heavy Mineral 
■ Pebble 
Figure 6.     Location of pebble and heavy mineral  sample 
sites. 
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localities where only scattered erratic boulders remained, 
only a boulder count was performed. All boulder count and 
pebble count sample sites are located on Plate 1. 
Laboratory Analysis 
Samples taken from the base of each sample pit were 
examined In the laboratory for heavy mineral composition. 
Each sample was fractionated using standard Wentworth 
sieves.  The 3 Phi size fraction was selected for optical 
examination of the heavy mineral suite. 
The heavy minerals from a 2 gram split of the 3 Phi 
fraction were separated using tetrabromoethane (specific 
gravity - 1.8?). From the separated heavy minerals, .02 
grams were mounted in lakeside cement on a microscope slide. 
The heavy minerals were point counted under a petrographic 
microscope using a mechanical stage.  Three hundred grains 
from each slide were identified.  A total of 50 sample 
sites were examined for heavy minerals (Figure 6). A 
reference collection of the abundant species of heavy min- 
erals is on file at the Department of Geological Sciences 
at Lehlgh University. 
Statistical Analysis of Data 
Visual Inspection of the tabulated data revealed many 
trends and groupings among the sample sites.  However, 
treatment of the data matrix by computerized statistical 
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methods was selected to assist In Interpretation of the 
data and to assure complete harvesting of all significant 
parameters.  Therefore, all data was analyzed on a Control 
Data Corporation 6^00 computer.  Two programs were se- 
lected: a varlmax rotated R-mode factor analysis and a 
Q-mode cluster analysis. 
A. R-mode Factor Analysis 
Heavy mineral percentages were Initially analyzed by 
the R-mode factor analysis. Five factors were generated. 
The important heavy minerals indicated in each factor were 
then contoured. Figure 7 is an example factor diagram. 
% Variance 
accounted for 
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Figure 7.  Example factor loading diagram. 
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From Figure 7 it would be concluded that variables 
2, 7, and 10 were Important in this factor (because they 
have high + factor loadings) and that variable 7 is In- 
versely related to variables 2 and 10.  It is also seen 
that this factor accounts for 2&,2%  of the total variance 
in the data.  These three variables would then be contoured 
alone or in combination. 
Included In the output of a R-mode factor analysis 
program is a data deck of normalized factor loadings.  Each 
sample site is assigned a normalized factor loading value 
for each of the five factors.  These normalized factor 
loadings were then fed into the Q-mode cluster analysis 
for grouping of sample locations. For a detailed dis- 
cussion of the R-mode factor analysis the reader Is re- 
ferred to Klovan (1975). 
B.  Q-mode Cluster Analysis 
The normalized factor loading values from the heavy 
mineral data, and the raw field data for pebble counts and 
surface boulder counts were analyzed by the Q-mode cluster 
analysis. 
The Q-mode cluster analysis uses a distance function 
to group sample sites according to their statistical sim- 
ilarity.  The most similar sample sites would be grouped 
on the first loop of the program. Less similar sample sites 
are grouped In successive loops until all samples are even- 
tually grouped into populations. For a technical expla- 
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nation of this program, the reader is referred to Parks 
(1970). Figure 8 Is a portion of a Q-mode cluster anal- 
ysis. 
A  Contemporaneous Investigation 
Concurrent with this study was an investigation per- 
formed by William C. Wlgley. His work Included the mapping 
of the glacial deposits throughout the Copper Basin and 
the examination of pedologlc development on  the tills.  Our 
efforts were coordinated in an attempt to establish a de- 
tailed glacial history of the Copper Basin, Idaho. Plate 2 
is an uncolored copy of Wlgley's detailed glacial geology 
map of the Copper Basin and Figure 9 Is a generalized ver- 
sion of this plate.  This is included to further enhance 
the reader's understanding of the glacial geology of the 
basin.  For specifics of the glacial geology and a dis- 
cussion of the Quaternary soils in the basin, the reader 
is referred to Wlgley (1976). 
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Figure 8. Portion of dendrogram of a Q-mode cluster 
analysis. 
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Figure 9. Generalized map of the glacial geology In the 
Copper Basin (modified from Wlgley, 1976). 
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RESULTS 
Field Data 
Determination of provenance of the glacial deposits, 
based on surface boulder and pebble llthologles of the till, 
was enhanced by several unique llthologles as well as char- 
acteristic suites of llthologles.  Examination of detailed 
geologic maps (Erwln, 1972; Rothwell, 1973; Volkmann, 1972; 
and Wolbrlnk, 1970; Figure 3) allows construction of a 
general llthology map (Figure 4).  This map, supported by 
field reconnaissance of the entire basin, indicates the 
following suites (listed in decreasing abundance with 
unique llthologles underlined) of llthologles from the 
major canyons: 
Lake Creek Canyon - Lake Creek quartz monzonlte. 
Challis Volcanlcs, quartzite, conglomerate. 
Muldoon and Starhope Canyons - argilllte, quartzite, 
c onglomerate. 
Bear Canyon - quartzite, argilllte, Challis Volcanlcs. 
Broad, Bellas, and Howell Canyons - Broad Canyon 
p;ranlte. Challis Volcanlcs, quartzite. 
Ramey Canyon - Broad Canyon granite or quartzite 
(depending on fork of canyon), Challis Volcanlcs. 
Anderson, Smelter, Steve, Charcoal, and Coal Canyons - 
Challis Volcanlcs, quartzite, argilllte, con- 
glomerate. 
Corral Creek Canyon - Corral Creek granite, quartzite, 
Challis Volcanlcs. 
Examination of these suites shows the Tertiary lntru- 
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sives to be the most diagnostic llthologlc provenance In- 
dicator. Deposits not containing one of these lntruslves 
can be differentiated according to their clastic and vol- 
canic suites. All boulder count data is tabulated in Ap- 
pendix I and all pebble count data Is tabulated in Appen- 
dix II. 
Populations of sample locations defined by the Q-mode 
cluster analysis of boulder data and pebble data are mapped 
on Figures 10 and 11.  Both boulder data and pebble data 
are grouped into five populations.  These populations are 
discussed and compared In the following section. 
Laboratory Data 
The following non-opaque heavy minerals are found In 
the Copper Basin: biotlte, diopside, epidote, hornblende, 
hypersthene, monazlte, pennlne, tltanlte, topaz, and zir- 
con.  Opaque heavy minerals were also identified and 
grouped according to their color under reflected light into 
two catagories: 1) black plus white opaques and 2) red, 
plus orange, plus yellow opaques.  All heavy mineral data 
is tabulated in Appendix III. 
The non-opaque and opaque heavy mineral data was ana- 
lyzed separately.  The ten species of non-opaque heavy 
minerals were treated by the R-mode factor analysis.  Fig- 
ure 12 is the graphical presentation of the factor loading 
values for each of the ten heavy minerals (variables) for 
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BOULDER PROVENANCE 
Figure 10.    Boulder provenance  in the Copper Basin de- 
fined by Q-mode cluster analysis of field 
data. 
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Figure 11. Pebble provenance in the Copper Basin de- 
fined by Q-mode cluster analysis of field 
data. 
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Figure 12. Factor loading diagrams for the five 
factors Involving the ten non-opaque 
heavy mineral species. 
3^ 
each of the five factors.  The variable number assignment 
for each heavy mineral Is as follows: 
Variable Number Heavy Mineral 
1 blotlte 
2 dlopslde 
3 epldote 
h hornblende 
5 hypersthene 
6 monazlte 
7 Pennine 
8 tltanlte 
9 topaz 
10 zircon 
Figure 12 Indicates the following heavy mineral- 
factor relationship.  A + or - sign prefixes each heavy 
mineral to Indicate if that mineral is positively or 
negatively Important to each factor. 
Factor Important Mineral(s) 
1 +topaz, +zlrcon 
2 +monazlte, +tltanite 
3 +dlopside, +epldote, 
-Pennine 
k -blotite, +epidote, ♦hornblende 
5 +hypersthene 
Opaque heavy mineral data was also treated by the R- 
mode factor analysis.  Three variables were used: 1) per- 
cent non-opaque heavy minerals; 2) percent black plus 
white opaque heavy minerals; and 3) percent red, plus 
orange, plus yellow opaque heavy minerals. Figure 13 is 
the graphical presentation- of the factor loading values for 
each of the three variables for each of the three opaque 
heavy mineral factors. 
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Figure 13.  Factor loading diagrams for the three 
factors involving the three categories 
of opaque heavy minerals. 
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Figure 13 Indicates the following heavy mineral- 
factor relationship.  Again, each heavy mineral group is 
prefixed by a + or - sign to indicate its importance. 
Factor Important Mineral(s) 
1 +non-opaques, -black 
plus white 
2 +red, plus orange, 
plus yellow 
3 none 
Note that since factors 1 and 2 account for 99.7%  of the 
total variance, no variable has a significant loading value 
for factor 3. 
Q-mode cluster analysis performed on the normalized 
factor loading values for non-opaque heavy minerals grouped 
all sample locations into five populations.  These popula- 
tions are shown on Figure 1^.  Clusters defined on the 
opaque heavy mineral data showed no geographical relation- 
ship and are not shown here. 
Contour maps of individual and pairs of heavy minerals 
indicated by the factor analysis are also presented.  Fig- 
ure 15 is the contour map of the percent of diopside plus 
epldote.  Figure 16 contours the percent of monazite. 
Figure 17 is the contour map of the percent of topaz plus 
zircon, and Figure 18 contours the percent of blotlte in 
the Copper Basin.  Each of these maps will be discussed 
in the following section.  Other non-opaque and opaque 
heavy minerals were also contoured.  However, no strong 
geographic relationships were seen.  These will not be 
further discussed. 
HEAVY  MINERAL 
PROVENANCE 
Figure 14, Provenance of non-opaque heavy mineral 
suites defined by Q-mode cluster analysis 
of the normalized factor loading values 
from the R-mode factor analysis. 
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Figure 15. Contour map of the percentage of diopslde 
plus epldote. 
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Figure l6.  Contour map of the percentage of monazite 
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Figure 17.  Contour map of the percentage of topaz 
plus zircon. 
*U 
Figure 18.  Contour map of the percentage of biotlte 
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DISCUSSION 
Introduction 
Use of surface boulder and till pebble llthology and 
heavy mineral suites is a useful tool in determining source 
areas for glacial deposits and also in deciphering many 
specific relationships existing among the deposits.  Prov- 
enance for all glacial deposits in the Copper Basin can be 
clearly defined.  Other results, referring to more local 
relationships, include: up canyon glacier flow, cross 
cutting relationships of glacier lobes, divide crossing 
by glacial Ice, and a potential economic value of the 
heavy mineral investigation.  Each of these topics is 
subsequently discussed* 
dlaclal Provenance 
Provenance of all glacial till in the Copper Basin 
is clearly defined by analysis of surface boulder 11th- 
ologles, pebble lithologles, and heavy mineral suites.  Fig- 
ures 10, 11, and 1^ show the populations of sample loca- 
tions defined by the Q-mode cluster analysis on these 
three parameters. For each parameter five populations 
were defined.  These five populations were sourced from 
five distinct areas as indicated by the arrows on each 
figure. 
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Lake Creek Canyon has played a major role In the gla- 
ciatlon of the Copper Basin.  The prominent "Potholes 
moraine" (on the east side of the basin) and the abundant 
distant deposits at the north end of the basin were sourced 
from this canyon. 
Examination of Figure 10, boulder count data, best 
Indicates the total area affected by ice sourced from Lake 
Creek Canyon. At the north and east extremities of the 
basin, where erosion has removed most of the glacial de- 
bris, large erratic boulders of Lake Creek quartz monzonite 
lithology dot the more gentle slopes (sample sites 122-136). 
Lake Creek quartz monzonite boulders also are abundant 
on top of the prominent Road Creek bedrock knobs In the 
north central portion of the basin (sample sites 109-113)• 
The two evidences testify to an extensive Bull Lake gla- 
ciatlon with Lake Creek Canyon contributing the major 
portion of the ice to the composite Starhope Creek Lobe. 
The second major population, that on the west side 
of the basin, is composed of lithologles and heavy min- 
erals from Broad, Bellas, Howell, and Ramey Canyons. 
These deposits make up the moralnal complex on the west 
flank of the basin as well as the till on top of the Pox 
Creek bedrock knobs (sample sites 115-117) and the Iso- 
lated "post" moraine in the northwest corner of the basin 
(sample site 50). 
The remaining three populations: Starhope, Muldoon, 
and Bear Canyon area, Anderson Canyon area, and Corral 
Creek area are locally confined.  These deposits, composed 
of llthologles which outcrop in their Immediate vicinity, 
have obvious provenance.  The Starhope, Muldoon, and Bear 
Canyon area.population is composed of clastic sediments 
from the lnterbedded Paleozoic sedimentary rock of Star- 
hope, Muldoon, and Bear Canyons.  In the Anderson Canyon 
area, deposits are entirely composed of Challls Volcanlcs 
which outcrop in all five canyons in this area. Finally, 
the till of the Corral Creek population Is composed of 
abundant Corral Creek granite and fine grained clastic 
sediments which outcrop In the headwalls of the Corral 
Creek cirques. 
Contour diagrams of the individual heavy minerals or 
pairs of heavy minerals Indicate similar populations with 
the same source areas.  Figure 15, the map of percent 
diopside plus epldote, shows a Lake Creek Canyon source 
area for deposits rich in these heavy minerals. Again, 
it Is seen that all deposits on the east side of the basin 
are sourced from Lake Creek Canyon.  Epldote is sourced 
from the Challis Volcanlcs and diopside is sourced from a 
contact metamorphosed limestone unit on the north wall of 
Lake Creek Canyon (Figure k).     Deposits In the Anderson 
Canyon area also have high epldote due to their source in 
the Challis Volcanlcs. 
The map of percent monazlte. Figure 16, shows an 
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equally strong trend for deposits on the west side of the 
basin.  Monazlte is sourced from the Broad Canyon pink 
porphyritic granite, and tills within Broad, Bellas, and 
Howell Canyons have percentages (near 60/0 of monazlte In 
the non-opaque heavy mineral fraction. 
A very localized distribution of high percentages of 
topaz plus zircon is seen in Figure 17»  The localized 
topaz and zircon at the mouths of Starhope, Muldoon, and 
Bear Canyons supports the small population defined by the 
Q-mode cluster analysis in this area.  Together, this data 
Indicates that deposits sourced from Starhope, Muldoon, 
and Bear Canyons are not preserved away from the canyon 
mouths.  Evidently, the medial position of ice tongues 
from these canyons left deposits sourced from these can- 
yons on the basin floor subject to rapid removal or burial 
by subsequent outwash channels. 
Finally, percentage of blotite, shows an equally 
localized distribution in the Copper Basin.  Although blo- 
tite exists in all deposits in the basin, only in Corral 
Creek is it the predominant heavy mineral.  The peculiar 
distribution of biotlte (Figure 18) at the mouth of Corral 
Creek is believed to have been caused by fluvial enrich- 
ment of biotlte in this area due to ice marginal drainage 
during the Bull Lake and Pinedale maxlmums.  This is dis- 
cussed further in the following section on up canyon flow 
of glacial ice. 
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Up Canyon Flow 
During the Bull Lake and Pinedale glacial advances Ice 
filled the entire basin with composite piedmont glaciers. 
Ice flow was generally from south to north. When this 
north flowing ice encountered the north wall of the basin, 
fingers of Ice from the main Ice complex extended up 
tributary valleys.  Corral Creek, Little Lake Creek, and 
Cabin Creek are three such tributary valleys (Plate 2). 
Corral Creek is of particular interest In this In- 
vestigation because while ice from the Starhope Creek com- 
plex flowed up canyon, a valley glacier from Corral Creek's 
favorably oriented cirques flowed simultaneously down 
valley.  The provenance investigation was able to differ- 
entiate deposits sourced from the two areas and to define 
the Bull Lake contact between the two Ice tongues.  Sur- 
face boulder counts well within Corral Creek were par- 
ticularly useful.  Sample locations 126 and 127 have abun- 
dant surface boulders of Corral Creek granite llthology 
while sample locations 125 and 128 have abundant surface 
boulders of Lake Creek quartz monzonite (Figure 19a and 
Plate 1). 
Pebble llthologies (Figure 19b) and heavy mineral 
suites also differentiated the Starhope Lobe deposits In 
the mouth of Corral Creek from the end moraines well up 
canyon.  Data from these two areas were grouped by the 
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Figure 19. Supportive evidence for up canyon 
flow of glacial ice In Corral Creek. 
Boulder provenance (a), pebble prove- 
nance (b), diopside plus epidote (c), 
blotlte (d). From Figures 10, 11, 
15, and 18.. 
^8 
Q-mode cluster analysis Into separate populations. 
Contours of Individual heavy minerals also support 
the hypothesis of up canyon flow of glacial ice in Corral 
Creek.  Figure 19c shows that deposits sourced from Corral 
Creek have very low percentages of dlopslde plus epldote 
while deposits in the mouth of Corral Creek, sourced from 
Lake Creek Canyon, have high percentages of dlopslde plus 
epldote.  The contour map of biotite (Figure 19d) also 
differentiates clearly deposits sourced from Corral Creek 
from those sourced from Lake Creek Canyon.  Corral Creek 
deposits have very high percentages of biotite while Lake 
Creek deposits have relatively low percentages of this 
mineral. 
The high percentage of biotite in the deposits to 
the west of the mouth of Corral Creek (Figure 19d) Indi- 
cates a possible Corral Creek source area for these tills. 
This however, does not agree with other heavy mineral data 
or with boulder count and pebble count data.  I believe 
that this high percentage of biotite indicates an enrich- 
ment of the till at the mouth of Corral Creek with heavy 
minerals from Corral Creek by marginal drainage around the 
Bull Lake and Pinedale ice fronts.  The author's inter- 
pretation of the Pinedale ice front In this area Is seen 
in Figure 20.  This is supported by an obvious notch In 
the wall of Corral Creek at Its mouth and a terrace remnant 
of equal elevation in front of the Pinedale Ice front (Flg- 
1*9 
Figure 20.  Interpretation of the Plnedale ice front and 
its marginal drainage in the Corral Creek 
area. 
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ure 21). 
Up canyon flow of Starhope Creek Lobe Ice Is also 
documented in Little Lake Creek Canyon and Cabin Creek 
(Plate 2).  The extent of up canyon flow in each of these 
canyons can be seen by examination of Figure 10, the clus- 
ter analysis of boulder count data.  Pebble count data 
and heavy mineral data also support up canyon flow In 
Little Lake Creek Canyon.  However, scattered erratic 
boulders were the only evidence of up canyon flow located 
in Cabin Creek. 
Cross Cutting Relationships 
Three instances of cross cutting relationships be- 
tween ice lobes were located in the Copper Basin.  These 
are: a late PInedale crossing of the basin flat by a tongue 
of ice from Lake Creek Canyon, and early PInedale topo- 
graphic diversion of ice from the west side to the east 
side of the basin, and a crossing of Bull Lake age ice 
from Anderson Canyon across the present "swamps" to the 
north wall of the basin.  Each of these will be discussed 
separately with their supportive evidences. 
Figure 22 shows the cross cutting relationship of late, 
PInedale Ice at the mouth of Lake Creek Canyon.  During 
the late PInedale advance, while ice In Muldoon, Starhope, 
Eroad, and Bellas Canyons remained within the canyons, ice 
from Lake Creek Canyon crossed the basin flat and deposited 
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Figure 21. Geomorphlc evidence for 
Plnedale marginal drain- 
age at the mouth of Corral 
Creek.  Notch in canyon 
wall (x) and terrace rem- 
nant of equal elevation 
(o). 
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Figure 22. Cross cutting relationship of late Plnedale 
ice front at the mouth of Lake Creek Canyon, 
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material along the west wall of the basin. 
Non-opaque heavy mineral data documents this cross 
cutting relationship most strongly.  The contour map of 
percent dlopslde plus epidote (Figure 15) shows these de- 
posits to be high In these heavy minerals while the contour 
map of percent monazite (Figure l6) shows low percentages 
of this heavy mineral.  This indicates a Lake Creek Canyon 
source for these deposits. 
Cluster analysis of the heavy mineral data groups 
sample locations 25, 71, 73, and 76 with deposits sourced 
from Lake Creek Canyon, while sample locations 22 and 27 
are grouped with samples sourced from the west side can- 
yons. 
Febble count and boulder count data also support this 
late Pinedale cross cutting, however this evidence is not 
as strong.  The coarser material in the till is a mixture 
of materials from Lake Creek Canyon, Broad and Bellas 
Canyons, and Starhope and Kuldoon Canyons.  I believe 
that as the Lake Creek Canyon Ice advanced across the basin 
flat it reworked and entrained considerable amounts of out- 
wash material of various lithologles.  This explains the 
heterogeneous nature of the coarse fraction of the till, 
while the finer grained matrix material remained strongly 
dominated by the Lake Creek heavy mineral suite. 
The second instance of cross cutting in the Copper 
Basin is seen at the early Pinedale terminal position in 
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the central portion of the basin flat (Figure 23).  Here, 
ice on the west side of the basin was topographically 
diverted to the east by a prominent bedrock knob.  Evidence 
of this diversion to the east side of the basin is strongly 
seen in the heavy mineral suites at sample sites 36, 6l, 
and 62.  Examination of the contour maps of percent 
diopslde plus epldote (Figure 15) and monazlte (Figure 16) 
show this cross cutting.  Sample sites 6l and 62 on the 
east side of the basin show low percentages of diopside 
plus epidote and high percentages of monazlte.  This 
Indicates a west side source for these deposits on the 
east side of the basin. 
The third instance of cross cutting in the Copper 
Basin is seen in the northeast corner of the basin in the 
area known as the swamps (Figure 24).  Here, a Bull Lake 
ice advance from Anderson Canyon, crossed the basin flat, 
??nd abutted against the north wall of the basin.  Today 
only scattered erratic boulders attest to this advance 
(Figure 10). 
In the Investigation of this area it is necessary to 
differentiate the Challls Volcanics to determine which 
surface boulders are erratic and which are debris from 
up slope.  A distinctive dark gray andeslte with abundant 
white phenocrysts typifies the volcanics in the till leav- 
ing Anderson Canyon.  The volcanics outcropping on the 
north wall of the basin are a dark gray fissile andeslte 
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Figure 23.  Gross cutting relationship of early 
tlnedale ice front in the central 
portion of the basin. 
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Figure 2k. Basin crossing of Bull Lake 
Ice from Anderson Canyon In 
the area of the "swamps". 
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lacking phenocrysts.  .Also on the north wall of the basin 
is a small outcrop of conglomerate. 
Evidence indicating a Bull Lake advance of ice from 
Anderson Canyon across the basin flat and up the north 
wall include: one, dark gray porphyritlc andesite perched 
on outcropping,non-porphyritic andesite and two, conglom- 
erate boulders located up slope from their outcrop.  These 
two evidences were found at sample locations 160 and l6l 
(Figure 2*0. 
Divide Crossing 
One instance of divide crossing by glacial ice was 
located in the Copper Easln.  A tongue of ice from Eroad 
Canyon crossed Its southern divide and spilled Into Bear 
Canyon.  This is supported by abundant granite boulders 
from the head of Broad Canyon present in the Bear Canyon 
drainage.  No granite outcrop exists in Bear Canyon.  The 
ice flow, supported by geomorphlc evidence and striae ob- 
served in the field, was through a col in the divide just 
west of the White Mountains (Figure 25).  This col, ob- 
biously glacially modified, contains numerous granite boul- 
ders.  Figure 25 is a map of this area showing relief, 
bedrock llthology, and direction of Ice flow.  Wigley 
(1976) has mapped the limits of granitic erratics In 
Bear Canyon and reports southeast trending strlations in 
the col (Figure 25). 
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Figure  25.     Evidences  for divide  crossing  of Broad Canyon 
ice  into Bear Canyon. 
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Potential Economic Value of Konazlte Deposits 
The examination of heavy minerals in the Copper Basin 
has revealed a potential economic prospect.  The mineral 
monazite, the principle ore of thorium and other radio- 
active, as well as rare \earth elements, was found in high 
concentrations in the glacial till from Eroad, Bellas, and 
Howell Canyons. 
Heavy mineral sample sites in the till of these 
canyons contain approximately 3%  heavy minerals In the 
3 phi fraction.  This total heavy mineral fraction is 
approximately 50%  opaque heavy minerals and $0%  non- 
opaque heavy minerals.  Monazite makes up about half of 
the non-opaque heavy mineral grains.  The percentage of 
monazite in the non-opaque heavy minerals of the 3 Phi 
fraction is contoured in Figure l6. 
The exact potential of this percentage of monazite 
in the 3 Phi fraction of glacial till is difficult to 
ascertain.  Examination of fluviatile deposits in these 
canyons should be conducted to locate possible placer 
deposits.  The percentage of monazite In these deposits 
and the cation content of the monazite has to be deter- 
mined before any conclusion can be made concerning the 
economic potential of this source. 
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Evaluation of Methodologies 
The three methods chosen for determination of prov- 
enance In the Copper Basin all proved to be useful Indi- 
cators. However, not all methods were applicable to the 
solution of every problem. 
Surface boulder llthologles proved most useful for the 
older Ice advances where well preserved till Is scarce due 
to removal by erosion.  This is especially true in the 
Copper Basin for Bull Lake deposits which were left on 
the steep north wall (Plate 2).  Today only scattered er- 
ratic boulders remain on the gentler slopes in this area 
providing the only evidence of this older glaciation.  Till 
pebble lithology is a useful tool for determination of 
glacial provenance for all advances which have well pre- 
served till deposits.  In the Copper Basin, pebble lithology 
counts are good provenance Indicators for all Plnedale ad- 
vances and for Isolated remnants of Bull Lake age till. 
Non-opaque heavy mineral suites are also significant 
provenance Indicators in the Copper Basin.  This method 
Is most sensitive to local variations of glacial Ice ac- 
tivity which apparently is not recorded by the coarser 
material. 
Opaque heavy minerals categorized according to color 
alone were poor Indicators of provenance in the Copper 
Basin.  Perhaps polished section identification of opaque 
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heavy mineral species in a coarser grain size fraction 
would show nore favorable results. 
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CONCLUSIONS 
The provenance investigation of glacial deposits in 
the Copper Basin, Idaho has led to the following con- 
clusions: 
A. Deposits from the five major source areas for gla- 
cial ice are clearly differentiated on the basis of boul- 
der and pebble lithologies (Figure 4) and heavy mineral 
suites.  Distinctive lithologies and minerals for each 
source area are: 
1. Lake Creek Canyon (east side of Starhope Creek 
Lobe) - equlgranular quartz mbnzonite, 
dlopside plus epldote (Figures 10, 11, 14, 
and 15). 
2. Muldoon, Starhope, and Bear Canyons (medial 
position in the Starhope Lobe) - clastic 
sediments, topaz plus zircon (Figures 10, 
11, 14, and 17). 
3. Broad, Bellas, Howell, and Ramey Canyons (west 
side of Starhope Creek Lobe) - pink por- 
phyritic granite, monazite (Figures 10, 11, 
14, and 16). 
4. Corral Creek - white porphyrltlc granite, bio- 
tite (Figures 10, 11, 14, and l8)0 
5. Anderson Canyon Area - volcanlcs, epldote (Fig- 
ures 10, 11, 14, and 15). 
B. Provenance of all deposits in the basin are as 
follows: 
1. The prominant "Potholes moraine" on the east side 
of the basin and the isolated deposits in the 
north end of the basin were sourced from Lake 
Creek Canyon (Figures 10, 11; 14, and 15). 
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2. The moralna3r complex on the west wall of the 
"basin was sourced from Broad, Bellas, Howell, 
and flamey Canyons (Figures 10, 11, l4, and 
16). 
3. Deposits from Muldoon, Starhope, and Bear Canyons 
are not preserved in the basin away from the 
mouths of these canyons (Figures 10, 11, 14, 
and 17). 
k.     Deposits from Corral Creek remained within the 
confines of the canyon and are not incor- 
porated in the deposits in the basin proper 
(Figures 10, 11, 1^, and 18). 
5.  Deposits from Anderson, Smelter, Steve, Charcoal, 
and Coal Canyons remained localized In. the 
northeast arm of the basin and never mixed 
with the major deposits of the basin proper 
(Figures 10, 11, 14, and 15). 
C. Several specific relationships existing among glacial 
deposits are located in the basin: 
1. Up canyon flow in Corral Creek, Little Lake Creek, 
and Cabin Creek (pages 4-7-51 )• 
2. Basin crossing of a late Pinedale advance from 
Lake Creek Canyon (pages 51,   53-5*0 • 
3. Topographic diversion of early Pinedale ice from 
the west to the east side of the basin (pages 
5>±-55,  56). 
4. Basin crossing of a Bull Lake advance from 
Anderson Canyon (pages 551 57*   58). 
5. Divide crossing of ice from Broad Canyon into 
Bear Canyon (pages 58-59t)« 
D. Surface boulder counts are most useful for the older, 
poorly preserved Bull Lake deposits where, in many places, 
scattered erratics are the only remaining evidence of this 
advance.  Till pebble lithologles are excellent indicators 
of provenance for all preserved deposits.  In the Copper 
6k 
Basin, till pebble llthologles are most useful for iso- 
lated Bull Lake till remnants and all Pinedale deposits. 
Heavy mineral suites and specific indicator species are 
the most sensitive indicators of local complexities and 
lobal relationships of Finedale deposits which are well 
preserved In the basin. 
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APPENDIX I 
Surface Boulder Count Data 
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2 14 11 0 0 0 0 0 0 25 
3 9 1$ 1 1 0 0 0 0 26 
4 8 14 1 2 0 0 0 0 25 
5 5 13 0 10 0 0 0 0 28 
6 6 13 1 4 0 0 0 0 24 
7 6 9 5 5 0 0 0 0 25 
8 0 21 4 0 0 0 0 0 25 
9 0 16 3 6 0 0 0 0 25 
10 4 17 0 6 0 0 0 0 27 
11 0 19 0 5 0 0 0 1 25 
12 3 20 0 1 0 0 0 1 25 
13 Terrace - no surface boulders 
14 3 17 1 4 0 0 d 0 25 
15 2 10 5 9 0 0 0 0 26 
16 0 5 0 0 0 20 0 0 25 
17 0 3 0 4 0 16 0 2 25 
18 0 1 0 2 0 22 0 0 25 
19 0 1 0 5 0 21 0 0 27 
20 0 0 0 0 0 25 0 0 25 
21 0 1 0 2 0 22 0 0 25 
22 0 0 0 2 0 23 0 0 25 
23 0 5 0 0 0 20 0 0 25 
24 0 0 0 ' 0 0 25 0 0 25 
25 3 11 0 6 1 6 0 0 27 
26 0 0 0 0 0 25 0 0 25 
27 0 0 0 3 0 22 0 0 25 
28 .0 0 0 0 0 24 0 1 25 
29 0 0 0 1 0 22 0 2 25 
30 1 0 0 0 0 24 0 0 25 
31 0 0 0 0 0 19 0 9 28 
32 5 7 0 3 0 15 0 0 30 
33 6 6 6 2 0 0 0 1 21 
34 0 0 0 3 0 22 0 1 26 
35 2 2 0 7 0 16- 0 0 27 
36 2 7 9 11 0 6 0 0 35 
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41 0 1 0 5 0 24 6 0 30 
42 0 4 0 5 0 18 0 1 28 
43 1 4 0 5 0 13 0 2 25 
44 0 3 0 5 0 16 0 0 24 
45 3 7 0 8 0 6 0 5 29 
46 3 0 0 5 0 19 0 0 27 
47 2 5 0 6 4 10 0 2 29 
48 2 4 0 5 0 12 0 1 26 
49 3 13 1 7 0 4 0 0 28 
50 4 6 0 5 5 4 0 0 24 
51 1 5 0 6 17 0 0 0 29 
52 5 7 0 8 6 0 0 0 26 
53 1 6 1 6 13 0 0 0 27 
54 1 6 0 5 13 0 0 0 2l 55 0 5 0 2 0 0 19 0 26 
56 0 2 0 1 0 0 22 0 25 
57 5 3 0 4 13 0 0 0 2? 58 7 1 0 1 17 0 0 0 26 
59 1 4 0 6 14 0 0 0 25 
60 0 0 0 2 23 0 0 0 25 
61 3 6 0 4 12 0 0 0 25 
62 0 2 0 2 19 0 0 0 23 
63 4 6 2 5 12 0 0 0 29 
64 2 0 5 0 18 0 0 0 25 
65 0 1 0 6 18 0 0 0 25 
66 1 2 1 2 19 0 0 0 25 
67 2 0 0 7 15 0 0 0 24 
68 0 1 0 2 22 0 0 0 25 
69 Terrace - no surfa ce boulder s 
70 1 0 1 3 21 0 0 0 26 
71 3 6 0 5 11 0 0 0 25 
72 1 0 0 6 18 0 0 0 25 
73 0 2 0 2 21 0 0 0 25 
74 0 1 1 2 21 0 0 0 25 
75 0 0 0 1 24 0 0 0 25 
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77 3 0 0 0 22 0 0 0 25 
78 0 0 0 1 24 0 0 0 25 
79 0 3 0 7 18 0 0 0 28 
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129 5 4 0 2 15 0 0 0 26 
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Pebble Count Data 
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APPENDIX III 
Heavy Mineral Count Data 
In Percentages 
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Hypersthene 
Hornblende 
Epidote 
Diopside 
Biotite 
Red + Orange 
+ Yellow 
Opaque 
Black + 
White Opaque 
Non 
Opaque 
Sample 
Site 
aa co r- c*-\Q ao r»- c\ ON CM -^ H*0 o ^Wso *-A <*"> CM H O. «H V2 ^ H £■ co t«- ON 
coHCN<HHHC\iH^HH^^c\jHHHcvjHc\jc^e\jcvir^cNC\ir^r^e\Jcvi 
OnOvMnOOOOOOOHNlAOrlmoHOON^OOrlNOrl 
CM <*N       H 
OOOOO^CMOr=lO\000-^00 «*%vO OOOOOOOOOOOCM 
OWOOOOOOOOOOOOOOOOHHHOOHOOHOOO 
OOOOOOOOOOOOOOOOOOOHCMHO-tfVNOOOOO 
OJOOr|}OOHOOrrvoOO\HHtr\ £'-'''£} <Nj (*\ O-^ CVI H H Vk H W ON ON UN f^ 
HOCXiC0^^^5^J«H^H^^^rn^^3HC^S^^^SCX.O 
OOOOOOHOOOOOOOOOOOHHOOOOCVJOOOOO 
CM O OvOO^^ff»«^0\ONH<nts-lDN'flW f*\ CM C--3 H H ON CM CM M3 H 
OOOOOQHHH«O00NONOOH4rl4OO400HOV\0\N 
OO^^AcOfAK^OO-^OOXOrlf^OrlOfO^OOOHHvONvOWeMQ 
H CM m r-i i-i R 
4 00 lAIA H vO vO ON t*-_3" CNNO vr\ H VfN ON Q ON CM ONO-3-CVACM_StH1AC\ 
CM NO CM CM H        C**       3 r-ICM H fS        CM H CM CM H CM H        CM H 
r^iAO\^CM^CM^\AoocMcQ^oqr>-c>\oo\00\cMcq COONH<*}£N.£NI»:ONM3, H      H CM H       H CM H f^cnH H H 
cooooqoocMr»->o_4\ocM HJ^U\H OU\WIP»O\Q^OOHQOOVOH4^ 
-d-coHcMoo      f»S3cMvO CN.U\Q5 Wr-i CM (nf^     r^xAcAcM VT\\7SCM <*\v\3^t 
O\C^r^O\vOCOCMCMO\QC*-0OQC^-_d-Hf-QvO ONrHNOr£oo<3coHCNj£-'l/\ H       H CM       _^3\AvO fn\0 CM nScMCO C~-\fMiJ\oo C\<niA\nCM C"\ en m C% C~\ C% 
\0 00 Q rH'lAvO CO ON O CM-^IANO C—CO ON Q CM-4f <0 C*-CO ON QU\vfiOH CM JT\ 
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Total 
Counts 
Zircon 
Tourmaline 
Topaz 
Titanite 
Pennine 
Monazite 
Hypersthene 
Hornblende 
Epidote 
Diopside 
Biotite 
Red +Orange 
+ Yellow 
Opaque 
Black + 
White Opaque 
Non 
Opaque 
Sample 
Site 
r—WCM o\ c-CM CM CM Q CM OvUNf- co r-o-ar- c*-eq 
-d'CO O r-C^vOVM^CKONCM CM OwO V>U\ CM t»- H H CMHCMHCMCMCMr^CMCMCMCMHHCMr-fCMCMCMH 
HNHOOOOW P\J3 O^NOOnHOr-W 
OOOOOOOOOOCMtnOCMOOOOHO 
OOOOHOHOcnOOOOOOOOOMDO 
OOOOOOOHOOOOOMOOOOOOO 
XA O OOO 0\C>-_^ O CM CMIA^J-^O c\ o-it CM r-o 
oo VA-^ r*\t-i O c\oo-^CM OCMOOOOHvOCMvQ 
r-i H       CM r*\                                                               H 
OHOOMOHrjOOOOOOOnNOON 
\o owoir\t>~_^HCMM3CKO\ mso o\u\H CM C— o\o CM            VOXTVJNO ^-^XAXAXA-^vO f^vO-avO en 
_^         ?S CM H <n <n H CM c\ CM     CM r- 
H H CM r»!AO nwO^fflN CM-^OSNO ^--^-^-^ 
trvoooo                                     H      H      CM 
H C~r-3CM H C) Q r-J NO 0\ O QPrf<>0>QO\C--gq CM H4HNHHrlrl       Hr4rtr4r4i-ir4i-irtR 
H H H^^tAvOMD V\\Dtr\\OV\U\Vr\Q5 «n^\A«n 
\Ov033'MCMCMCM<nf»\rACMCMCMCMCM-4-3' cnuS 
\A\A'uS'u\ir\M3NOvOvOvOvO c— r-r—t—c-r-r^-t-co 
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